Hitherto, the role of the osteocyte as transducer of mechanical stimuli into biological signals is far from settled. In this study, we used an appropriate model represented by the cortex of Xenopus laevis long bone diaphysis lacking (unlike the mammalian one) of vascular structures and containing only osteocytes inside the bone matrix. These structural features allow any change of protein profile that might be observed upon different experimental conditions, such as bone adaptation to stress/mechanical loading, to be ascribed specifically to osteocytes. The study was conducted by combining ultrastructural observations and two-dimensional electrophoresis for proteomic analysis. The osteocyte population was extracted from long bones of lower limbs of amphibian skeletons after different protocols (free and forced swimming). The experiments were performed on 210 frogs subdivided into five trials, each including free swimming frogs (controls) and frogs submitted to forced swimming (stressed). The stressed groups were obliged to swim (on movable spheres covering the bottom of a pool on a vibrating plate) continuously for 8 h, and killed 24 h later along with the control groups. Long bones free of soft tissues (periosteum, endosteum and bone marrow), as well as muscles of posterior limbs, were processed and analyzed for proteins differentially expressed or phosphorylated between the two sample groups. The comparative analysis showed that protein phosphorylation profiles differ between control and stressed groups. In particular, we found in long bones of stressed samples that both Erk1/2 and Akt are hyperphosphorylated; moreover, the different phosphorylation of putative Akt substrates (recognized by specific Akt phosphosubstrates-antibody) in stressed vs. control samples clearly demonstrated that Akt signaling is boosted by forced swimming (leading to an increase of mechanical stress) of amphibian long bones. In parallel, we found in posterior limb muscles that the expression of heat shock protein HSP27 and HSP70 stress markers increased upon the forced swimming condition. Because the cortexes of frog long bones are characterized by the presence of only osteocytes, all our results establish the suitability of the X. laevis animal model to study the bone response to stress conditions mediated by this cell type and pave the way for further analysis of the signaling pathways involved in these signal transduction mechanisms.
Introduction
It is well known that in the bone steady-state (i.e. when processes of formation/erosion do not occur consistently), only a trivial amount of osteoblasts and osteoclasts cover active bone surfaces; in fact, during the steady-state, the cell population constantly present is represented by osteocytes (inside the bone matrix) and bone-lining cells (on the inactive bone surfaces). Regarding bone surfaces of adult humans, rough estimates indicate that bone-lining cells cover 94%, whereas osteoblasts and osteoclasts cover the remaining 5% and 1%, respectively, and the bone matrix contains only osteocytes (Parfitt, 1983) . Therefore, among all bone cells, pertaining to both osteogenic and osteoclastic lineages, the osteocyte is the permanent actor inside the bone (independently from the occurrence of deposition/ erosion on the bone surfaces) actually able to sense microstrains related to loading and capable of transducing stresses and strains into biological signals (Marotti, 1996; Bonewald, 2006 Bonewald, , 2011 Klein-Nulend et al. 2013; DelgadoCalle et al. 2017; Maycas et al. 2017) . Biological signals, if obtained upon repeated cycles of loading, can be transformed in morphological changes such as variations of bone/muscle mass and architecture (Xu et al. 2000 ; Thompson et al. 2003) while, if induced upon a single loading protocol, they can be translated as a temporary stress condition by the expression of typical stress markers (Kular et al. 2012; Bellido, 2014) .
As is well known, osteocytes are located in the lacunae within the mineralized matrix, and are connected to each other and with the bone cells on the surfaces through a network of dendritic processes, allowing osteocytes to act as orchestrators of bone remodeling (Guadalupe-Grau et al. 2009; Going & Farr, 2010) . Previously, we showed (Rubinacci et al. 1998 ) that osteocytes constitute a functional syncytium (Marotti & Palumbo, 2007) involved in mineral homeostasis as well as in bone adaptation to mechanical loading. We also demonstrated (Rubinacci et al. 2002) that the application of different loads and different frequencies increased ionic currents issued by the osteocyte syncytium in a dose-dependent manner. The pivotal role of osteocyte as 'orchestrator' was demonstrated either during bone deposition or during the resting phase, in order to maintain the bone 'steady-state' (Marotti et al. 1992; Palumbo et al. 2001; Nakashima et al. 2011) . It follows that the osteocyte syncytium constitutes a sort of 'bone operation center' (Marotti, 2000; Bonewald, 2007 Bonewald, , 2011 able to control in a versatile manner the skeletal homeostasis as well as the mineral homeostasis, perceiving both mechanical strains and biochemical factors and, at any moment, combining the two types of stimuli, issuing appropriate signals to the other bone cells (osteoblasts or osteoclasts). The mechanosensitive capability of osteocytes was also shown in organ cultures (Lozupone et al. 1996; Thompson et al. 2012) : the mechanical loading was demonstrated to exert a trophic function on osteocytes, stimulating both the protein synthesis and the cell-to-cell communication; moreover, the loading was likely proposed to exert a biological stimulus on osteoblasts, via signaling molecules issued by osteocytes (Lozupone et al. 1995; Nakahama, 2010; Nakashima et al. 2011) .
Over the last decade, emerging proteomic analyses offered great opportunities for the identification of changes in the expression profile, which may help to understand the interplay of different events in various conditions. As regards bone tissue, up to now proteomic data are still scanty, and mostly refer to in vitro systems performed on bone cells, in particular osteoblasts and osteoclasts (Lammi et al. 2006; Zhang & Wang, 2009; Hong et al. 2010; Li et al. 2013; Lee & Cho, 2014; Gennari et al. 2015) . Although these in vitro models can be useful to determine which proteins can be expressed by cultured cells under defined experimental conditions, they cannot help to establish in vivo which is the actual protein profile of a particular bone cell type according to different conditions. Proteomic studies were recently performed by various authors on bone segments under mechanical overloading (Zhang & Wang, 2009; Li et al. 2011) or in altered hormonal conditions like estrogen deficiency (Pastorelli et al. 2005) . However, it is to be underlined that the microscopic organization of the 'bone organ' implies, besides bone cells, the presence of other cells/tissues, for example, nervous, endothelial, connective ones, present both on bone endosteal/periosteal surfaces and inside Haversian canals. Thus, to perform a cell-specific protein analysis, through a proteomic approach, it is crucial to be able to ascribe eventual changes to a unique cell population. With the aim to define 'who does what', we identified a proper animal model suitable to ascribe to the only osteocyte population (i.e. the only true 'permanent' resident cell population entrapped inside the mineral matrix) the answer to stress. The present study on expression/functional protein analyses under different mechanical conditions (control vs. stressed, i.e. normal vs. loading) is performed on Xenopus laevis, as its long bone cortex is structured (differently from the mammalian ones) like one single big Haversian system, lacking of vascular structures and thus containing only osteocytes, as described by our group several years ago (Rubinacci et al. 1998 ).
Materials and methods
Experimental animals and mechanical stress procedure Adult male frogs (X. laevis), weighing 40-60 g, were purchased from Xenopus Express (Rennes, France). Animals were acclimatized for 2 days, and housed in environmentally controlled pools and fed standard frog food ad libitum. All experiments were carried out according to the Bioethical Committee of the Italian National Institute of Health. Animal care, maintenance and surgery were conducted in accordance with Italian law (D.L. no. 116⁄1992) and European legislation (EEC no. 86 ⁄ 609).
The experimental protocol consisted of five trials for a total of 210 animals. In each trial, 42 frogs, maintained and fed at the same conditions, were divided into two groups: 21 animals were maintained in normal swimming conditions (control group) and 21 animals were obliged to swim continuously for 8 h (stressed group). The stress-device consisted of a water pool maintained at room temperature (whose bottom was covered by glass spheres and whose water level corresponded to the sum of frog length plus sphere diameter) put on a vibrating plate that, moving the spheres, prevented normal swim/floating, as shown in Fig. 1A . Control groups were left to rest during the same 8-h period in a large pool free to swim or float. After 24 h from the end of the stress procedure, all animals were killed by decapitation after being asleep in a chloroform-saturated chamber. The time of death from the end of the stress procedure was chosen on the basis of a recent study where authors demonstrated a significant increase of osteocyte signaling pathways in vivo 24 h post-loading (Lara-Castillo et al. 2015) . For each trial, the long bones of two frogs (one stressed, one control) were processed for ultrastructural observations. Femurs, tibiae, metatarsal bones and posterior limb muscles were taken from both stressed and control animals, and processed for proteomic analyses.
Ultrastructural analysis (transmission electron microscopy -TEM)
Cross-sections (2 mm thick), taken with an indented blade from the mid-diaphyseal level of both control and stressed frog long bones, were fixed with 4% paraformaldehyde (0.1 M cacodylate buffer, pH 7.4) for 2 h, (some decalcified in EDTA 2.5% in 0.1 M cacodylate buffer), postfixed for 1% osmium tetroxide (0.1 M cacodylate buffer), dehydrated in graded ethanol, and embedded in epoxy resin (Durcupan ACM). Some specimens were also treated with Alcian Blue during paraformaldeyde fixation, as previously described (Ruggeri et al. 1975) , to show proteoglycans. All specimens were sectioned with a diamond knife mounted in an Ultracut-Reichert microtome. Semithin sections (1 mm) were stained with toluidine blue and examined with an Axiophot-Zeiss light microscope (LM). Ultrathin sections (70-80 nm) were mounted on Formvar-coated and carbon-coated copper grids, stained with 1% uranyl acetate and lead citrate, and examined under TEM (Zeiss EM 109).
Quantitative evaluations of gap junctions in control and stressed samples were performed on ultramicroscopic fields observed under TEM. Eighty fields (40 from stressed and 40 from control animals) were selected (5 9 10 3 enlargements) on the basis of the number of canaliculi-containing osteocyte processes (on average 10 canaliculi in each selected field); a total of 800 canaliculi were analyzed (400 from stressed and 400 from control animals). Fields containing empty canaliculi were discarded.
Muscular and bone tissue processing for proteomic analyses
Muscles were chopped with a razor into 1-mm pieces and immediately frozen in liquid nitrogen. Protein extracts were obtained by placing muscle pieces into 1 mL of lysis buffer (as described by Bertacchini et al. 2014) and homogenizing the mixture with UltraTurrax T-50 for 30 s. Proteins were quantified by Bradford colorimetric assay following manufacturer's instructions, and resolved by first-dimension electrophoresis and then immunoblotted for indicated antibodies.
Long bones were longitudinally sectioned and, after excision of the epiphyseal extremities, set free of soft tissues (endosteum/bone marrow and periosteum; Fig. 1B ). For each trial conducted, the expression of proteins obtained by long bones of control and stressed frogs pooled together was analyzed. The samples were demineralized with EDTA 20% at 4°C for 4 days (as described by Maraldi et al. 1993) , then processed for two-dimensional electrophoresis. Frozen samples were crushed in liquid nitrogen using a hammer and stainless-steel mortar and pestle, and pulverized into a fine powder in liquid nitrogen using a porcelain mortar and pestle. Next, the powder was solubilized in urea/thiourea buffer composed of 6 M urea, 2 M thiourea, 2% CHAPS, 40 mM Tris and 0.2% Bio-Lyte 3/10 ampholyte, and a total of 100 lg of protein extracts was loaded onto a 7-cm IPG strip pH 3-10 (Biorad) and separated based on their isoelectric point, as described by Cenni et al. (2008) . Then, IPG strips were equilibrated in sodium dodecyl sulfate (SDS) buffer I (6 M urea, 0.4 M Tris-Cl pH 8.8, 2% SDS, 20% glycerol, 2% dithiothreitol) for 8 min, and in SDS buffer II (6 M urea, 0.4 M Tris-Cl pH 8.8, 2% SDS, 20% glycerol, 2.5% iodoacetamide) for 15 min. Strips were then run on polyacrylamide gel to separate proteins based on their molecular weight. Gels were stained with silver nitrate (Silver staining kit, Sigma) following manufacturer's instructions. Immunoblotting was performed as described by Bertacchini et al. (2013) . Briefly, protein extracts were separated by monodimensional electrophoresis and gels were blotted on a polyvinylidene fluoride (PVDF) membrane, using a semidry system, and incubated for 16 h at 4°C with specific primary antibodies solubilized in TBS/Tween buffer (50 mM Tris-Cl, pH 7.5, 150 mM NaCl, Tween20 0.1%), probed with secondary antibodies conjugated to horseradish peroxidase for 30 min and revealed with LiteAblot Turbo luminol (Euroclone). The Western blot images were acquired with a Kodak Image Station 400CF. The bands quantification was made by Kodak Image software. For first-dimension electrophoresis analysis, demineralized samples were solubilized in lysis buffer and then immunoblotted for indicated antibodies. The antibodies used were Akt1-2 1 : 1000, Akt (S473) 1 : 800, Erk1-2 1 : 1000, Erk1-2 (Thr202/Tyr204) 1 : 800 and phospho Akt substrates 1 : 1000 (Cell Signaling Technology), and heat shock protein (HSP)70 1 : 500 and HSP27 1 : 500 (Abcam).
Results

Histological analysis
Light microscopy observations of diaphyseal transverse sections of X. laevis long bones show that the shaft is made up of a thin cortex (surrounding a central medullary cavity) free of vascular canals, i.e. haversian channels. Thus, excluding the external periosteum and the internal endosteum/ bone marrow, the compact bone only contains osteocytes, irregularly distributed throughout the cortex (Fig. 2) . Fig. 1 (A) Drawing showing the device used to stress the frog skeleton. The bottom of the pool is covered by glass spheres; the water level corresponds to the sum of frog length plus sphere diameter. The pool is put on a vibrating plate that, moving the spheres, prevents the frogs to float without moving actively. (B) Scheme illustrating the gross preparation of long bones for proteomic analysis. Each long bone was longitudinally sectioned and after the excision of the epiphyseal extremities, set free of soft tissues: endosteum/bone marrow (big arrow) and periosteum (small arrow).
Ultrastructural analysis
Concerning TEM analysis, osteocytes submitted to stress conditions show a normal ultrastructure as for those in control bones (Fig. 3) . Both control (C) and stressed (S) osteocytes display a well-preserved nucleus and organellar machinery. In particular, cells show a developed rough endoplasmic reticulum (RER) with large cisternae (arrows in Fig. 3 ), juxtanuclear Golgi apparatus, free ribosomes and mitochondria. In stressed samples, RER cysternae appear frequently wider and filled with flocculent material (asterisk in Fig. 3 ). As previously demonstrated for mammals (Wang et al. 2008 (Wang et al. , 2014 Thi et al. 2013; Schaffler et al. 2014) , in both stressed and control animals, loosely-arranged collagen fibrils are clearly visible inside the regular intralacunarpericellular spaces (encircled areas in Fig. 3) ; moreover, from osteocyte canalicular boundaries crest-like protrusions (matrix 'hillock' protrusions) emerge along osteocyte canaliculus walls (head arrows in Fig. 4) , and within intracanalicular-pericytoplasmic spaces thin collagen micro-texture and fibril-associated proteoglycans (tiny electron-dense particles evidenced by Alcian Blue treatment during fixation) are well recognizable (Figs 4, black arrows, and 5). In stressed samples, gap junctions between cytoplasmic processes of neighboring osteocytes were frequently observed (Fig. 6 ). In these types of junctions, the two plasma membranes are separated by an interspace of 2-4 nm, whose aspect changes according to the plane of the section. Some osteocyte processes in stressed samples show peculiar gap junctions formed by the tip of a cytoplasmic process protruding in the cell body of an adjacent osteocyte ('invaginated finger-like junction', according to Palumbo et al. (1990) , head arrow in Fig. 6A ). Inside the osteocyte network, gap junctions were more frequently observed in stressed samples with respect to control ones; Fig. 7 shows the type of ultramicroscopic fields in which evaluations of gap junctions were performed: the percentage of gap junctions was more than twice in stressed than in control bones (Table 1) . Transmission electron microscopy (TEM) micrographs showing normal ultrastructure of both stressed (S) and control (C) osteocytes, with well-preserved nucleus and organelle machinery. Note, in particular, the developed rough endoplasmic reticulum (RER) with large cisternae (arrows). Note also, in stressed samples, some wider RER cysternae appearing filled with flocculent material (asterisks). In both stressed and control samples, loosely-arranged collagen fibrils (encircled areas) are clearly visible inside the regular intralacunar-pericellular spaces. The squared area is enlarged in Fig. 4 .
Muscles analyses of HSP-mediated response
The expression of HSP in skeletal muscle fibers is regulated by the level of stress; indeed, increased mRNA and protein levels of HSP27 and HSP70 have been completely supported after exercise and training in humans (Kular et al. 2012; Bellido, 2014) . Therefore, using Western blot, we analyzed the expression of HSP27 and HSP70 proteins. Figure 8A , which shows one representative experiment for each trial conducted, indicated that there is a strong induction of stress markers upon stressed conditions. Moreover, we analyzed the optical density of all our Western blot images normalizing HSP70 and HSP27 expression with Actin protein: Fig. 8B showed that the difference in HSP70 and HSP27 expression between the two groups is statistically significant (P < 0.05). These results suggest that the stress condition (in our experiment a mechanical stress, i.e. loading) applied to the animal model created a physiological stress and disturbed cellular homeostasis, inducing the expression of HSP70 and HSP27 that can be considered as fatigue signaling factors.
Osteocyte expression analysis in long bones
For each trial, proteins obtained from long bones (deprived of periosteum, endosteum and bone marrow) were firstly separated through a two-dimensional gel electrophoresis (2-DE) and then stained with silver nitrate. The comparative analysis showed different protein profiles (Fig. 9 ) in stressed vs. control specimens; interestingly, the loading condition triggers the upregulation of several proteins (marked with red circle), and the downregulation of other proteins (marked with a green circle). The analysis was repeated three times obtaining the same results. PI3K/Akt, and more recently also Erk signaling downstream of Wnt activation, have been suggested to contribute to the osteocyte response to mechanical loading (Almeida et al. 2005; Bellido, 2014) . Interestingly, and in agreement with these ideas, we found that both Akt and Erk1/2 are more phosphorylated, and therefore more active, with a statistically significant difference of P < 0.05 between control and stressed samples (Fig. 10) . Because the consensus sequence of Akt is very well known, phosphor-Akt substrates antibody might recognize putative Akt-phosphorylated proteins. Therefore, we made use of this powerful tool to attempt some characterization of Akt downstream signaling in stressed osteocytes: after 2-DE separation, samples were blotted to PVDF membranes and probed with an antiAkt phosphosubstrate antibody (a-Akt-pSub). Several spots were visualized, which were differentially phosphorylated in stressed vs. control animals (Fig. 11) . Using the database search 'Swiss prot', we listed in Table 2 the most important Akt substrates, with their molecular weight and isoelectric point. Probably, several spots identified by Akt phosphosubstrate antibody in our 2-DE analysis are those listed in the above-mentioned table.
Discussion
The first point to be underlined is the identification of a proper animal model (i.e. the X. laevis frog) suitable to Fig. 4 Enlargement of the squared area in Fig. 3 . The insert (top left) clarifies the type of the tangential-longitudinal section of the osteocyte canaliculus, along the intracanalicular-pericytoplasmic space; in gray is shown the osteocyte process (not cut by the tangential-longitudinal section). Transmission electron microscopy (TEM) micrograph shows the fibrillar/proteoglycan atmosphere surrounding an osteocyte cytoplasmic process (not visible in the photograph) inside an osteocyte canaliculus at its origin from the osteocyte lacuna (white arrows). Note the thin fibrillar components (along with and in between proteoglycans are known to be located) as a connection between the osteocyte canaliculus wall (asterisks) and the cytoplasmic process (not visible). Note also proteoglycan tethering elements (black arrows) bridging osteocyte cell process (not visible) to bony canalicular wall. The discrete protrusions from the canalicular wall (matrix hillock protrusionswhite head arrows) are visible protruding towards the pericytoplasmic space. N, osteocyte nucleus. ascribe to the only osteocyte population the answer to stress conditions, evaluated using a proteomic approach. In the last two decades it was demonstrated: (i) that cells of the osteogenic lineage form a continuous protoplasmic network that extends from the osteocytes to the vascular endothelium, passing through osteoblasts or bone-lining cells (according to the osteogenesis occurrence or not, respectively) and stromal cells; and (ii) the presence of gap junctions, among the cells of such a cytoplasmic network, indicating that it operates as a functional syncytium (Palumbo et al. 1990; Palazzini et al. 1998; Marotti & Palumbo, 2007) . The osteocyte lacuno-canalicular network was recently described in X. laevis by Cao et al. (2011) , but the study was not focused on the presence/absence of vascular canals inside the bone cortex, which is, instead, the crucial aspect in the choice of the present experimental model. In fact, our interest on X. laevis was based just on the absence of vascular canals inside the long bone shafts. In a recent review, Schaffler et al. (2014) enhanced how mammalian osteocytes are directly coupled to the environment they inhabit (entombed within the mineralized matrix) and connected to each other in a multicellular network. The same findings, in particular concerning relations between osteocyte cytoplasmic processes and canalicular Fig. 7 Transmission electron microscopy (TEM) micrographs showing two exemplifying ultramicroscopic fields (with/without osteocyte cell bodies in A and B, respectively) used to perform ultrastructural evaluations of gap junctions between osteocyte processes. The selection of fields to be examined (performed at 5 9 10 3 enlargements) was made up on the basis of the number of canaliculi-containing osteocyte processes (10 on average), indifferently cut according to transverse or longitudinal section. Fields containing empty canaliculi were discarded. A total of 800 canaliculi were analysed (400 from stressed and 400 from control samples).
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boundaries, are also present in the animal model here described, thus suggesting the same possible sequence of events at the basis of frog skeleton response to mechanical demands, as we previously demonstrated for the ion current generation in damaged amphibian skeleton (Rubinacci et al. 1998) . In this context, McNamara et al. (2009) showed Statistically significant values were obtained by Student's t-test. Fig. 9 Two-dimensional gel electrophoresis images of proteins extracted from samples subjected to stressed condition (S) and control samples (C). Gels were stained with silver nitrate for 16 h. Proteins were separated on pH 3-10 linear, immobilized pH gradient strips followed by 5-20% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Seven spots (marked in red) showed enhanced intensity on gels of stressed sample compared with control. Three spots (marked in green) are detectable only in the control sample.
from an immunohistochemical viewpoint that avb3 integrin plays a crucial role in attaching osteocyte cytoplasmic processes to the canalicular walls along periodic protrusions extending into the pericellular space; the integrin family together with proteoglycans (acting as 'tethering' structures) could be involved in allowing osteocyte sensitiveness to micro-strains in triggering bone response to load (Wang et al. 2008) . In particular, 'tethering' proteoglycans (such as perlecan) are spaced along osteocyte processes: these 'tethers' exert a resistance to loading-induced fluid flows, and the resulting drag force may be sensed at the cytoplasmic process membrane (Thompson et al. 2011; Wang et al. 2014; Wijeratne et al. 2016) . In our animal model, relationships between osteocyte processes and canalicular walls (Figs 3 and 4) allow the suggestion of frogs for investigating osteocyte sensitiveness to stress. In particular, it is to be underlined that in the amphibian skeleton (as in the mammalian one) the same anatomical pre-requisites exist for bone cell activation in answer to loading: (i) the presence of an osteocyte system, acting as a functional syncytium, inside which both wiring and volume transmission can occur; (ii) the organization of bone lacuno-canalicular cavities including 'tethering' structures. These two morpho-functional features allow: firstly (by means of 'tethering' structures; Thi et al. 2013) , the osteocyte sensitiveness to load, which induces protein expression changes; and secondly (by means of gap junctions), the osteocyte syncytium activation in triggering bone responses to the actual mechanical requirements, if they exceed the physiological set-points (Frost, 1987; Turner, 1991 Turner, , 1992 Duncan & Turner, 1995; Marotti, 1996; Palumbo et al. 2001; Cowin, 2002) . In fact, it is well known that, in the 'steady-state', physiological mechanical loads (i.e. absence of mechanical stress conditions) do not induce any skeletal reason as to why microstrains fall within the physiological set-points; stress/loading, instead, induces the osteocyte reason as to why microstrains are exceeding the upper set-point. Activated osteocytes induce, in turn, changes in protein expression of some signaling pathways and, if the stress conditions persist for a very long time (simulating chronic overloading conditions), bone-lining cells (covering the inactive bone surfaces) are induced to reconvert into osteoblasts, by wiring transmission through gap junctions, as also suggested by other authors (Duncan & Turner, 1995; Marotti, 1996) . The evidence for the increase of both osteocyte gap junctions and muscle stress markers upon loading condition represented a valid starting point to deeply analyze, in X. laevis, the proteomic profiles obtained from the only osteocyte population. Our results indicate that the stress/ loading condition modulates the expression of several proteins that could be involved in one of the major bonerelated signaling pathways. Moreover, we found that Akt and Erk activation was triggered by loading, evidence that is in line with their role in response to stress conditions. In parallel, we found many proteins downregulated upon loading condition, evidence corroborating the role of osteocyte that, under normal pulsing loading, might exert a continuous 'inhibitory' modulatory effect on bone processes, thus leaving the bone in the 'steady-state' (Marotti et al. 1992; Marotti, 1996; Palumbo et al. 2001) ; this 'negative' modulation could be performed just by means of the production of those proteins that were shown to downregulate by stress/loading, that maintain bone-lining cells at the bone-perivascular space interface in the state of 'inactivated osteoblasts'. In this category of proteins is included, for example, sclerostin that has already been shown to inhibit bone formation (Sutherland et al. 2004; Poole et al. 2005; Robling et al. 2008; Shahnazari et al. 2012) . Our results on upregulated proteins in the forced-swimmingfrog in vivo model closely correlate with those of Govey et al. (2014) on osteocyte-like cells (MLO-Y4) subjected in vitro to oscillating fluid flow, of which particularly notable is the upregulation of Cxcl12 in association with CxCl1 and CxCl2, as possible paracrine agents for osteoblastic recruitment under load. In agreement with our results, the mechano-sensitive capability of osteocytes was also shown in organ cultures by Lozupone et al. (1996) , who demonstrated the trophic function exerted by mechanical loading on osteocytes, stimulating both the protein synthesis and the cell-to-cell communication by gap junctions; furthermore, some authors proposed that the loading exerts a biological stimulus on osteoblasts via signaling molecules produced by osteocytes (Lozupone et al. 1995; Nakahama, 2010; Nakashima et al. 2011; Klein-Nulend et al. 2013) .
It is to be mentioned that controversial data are reported in literature: some authors report that swimming in rodents does not induce overall anabolic responses in bone (Buie & Boyd, 2010) ; some others refer to improved bone properties for swimming female rats Swissa-Sivan et al. 1989 Snyder et al. 1992; Warner et al. 2006) , depending on the loading protocols. In our animal model, the forced swimming protocol, protracted for 8 h, must be regarded as a heavy stressing loading condition, although not comparable to exercise protracted in time (simulating chronic overloading condition). Therefore, we hypothesized that key signaling proteins involved in response to stress might also be modulated. Really, it is to be underlined that the frog skeleton response, in our model, can depend on both direct and indirect mechanical conditions: (i) swimming-dependent-load-lines distributed to the whole skeleton; (ii) vibrating signals of the plate transmitted to the bones; (iii) the muscle-contraction-stress acting at the bone entheses level. At the moment, we are not be able to determinate which of these mechanical conditions mainly induces responses by the bone cells, but the skeleton is undoubtedly stressed/loaded during the 8-h forced-swimming protocol. Our findings indicate that Akt and Erk activity is enhanced upon stressed conditions as demonstrated by the increased phosphorylation of Erk1/2, Akt and its substrates, recognized by Akt phosphosubstrates-antibody ( Fig. 11; Table 2 ). These preliminary findings are particularly interesting and pave the way to further investigation about the role of these signaling molecules in osteocyte response to mechanical stress.
Another point to be emphasized is that osteocytes (i.e. permanent inhabitants of bone tissue) are not, really, the only cells sensitive to load, but they are the first participants to be able to sense mechanical load and consequently to recruit osteoblasts or osteoclasts (Bonewald, 2006 (Bonewald, , 2011 Marotti & Palumbo, 2007; Klein-Nulend et al. 2013) . In fact, besides osteocytes, also osteoblasts and osteoclasts were demonstrated to have mechano-sensitive capability by various authors (Wang et al. 1993; Rucci et al. 2002 Rucci et al. , 2007 Basso et al. 2005; Hughes-Fulford et al. 2006; Kumei et al. 2006; Garman et al. 2007; Tamma et al. 2009; Li et al. 2013) ; however, these cell types represent transient cells, living in consistent amounts on bone surfaces only during the occurrence of bone deposition or bone erosion, respectively. Consequently, they could amplify, only if recruited, the formative/resorptive processes firstly triggered by the permanent bone mechanosensors, i.e. osteocytes. Because the study was performed in a discovery phase, to evaluate a new animal model, it seems worthwhile to underline here the significance of this work, notwithstanding its limitations. The authors are fully aware that further more-detailed protocols are needed to quantify precisely the entity of direct and/or indirect stress procedures that overload the X. laevis during forced swimming; however, the devices to quantify precisely the single condition of our protocol (overall forced-swimming, plate vibration, muscle contraction) contemporary acting on the skeletal segments are so sophisticated and demanding that, in the first extent, we wanted to be sure to have selected the proper animal model for our goal (i.e. that signaling pathways in response to stress conditions are undoubtedly ascribed to osteocytes). Moreover, this study enhances the importance of the proteomic approach for the identification of factors/pathways that regulate bone cell activity in response to mechanical stress. We believe that the proposed experimental protocol offers a starting point for further investigations, in order to detail the involved proteins, like those pertaining to some cell-signaling pathways triggered by the activation of Akt and possibly other protein kinases.
In conclusion, even along the evolutionary ladder (i.e. also in lower vertebrates), the osteocyte appears to be the major orchestrator of skeletal activity, capable of sensing and integrating mechanical and chemical signals from their environment to regulate bone processes.
